The role of the cap-binding complex, eIF4F, in the translation of vaccinia virus mRNAs has been analyzed within infected cells. Plasmid DNAs, which express dicistronic mRNAs containing a picornavirus internal ribosome entry site, produced within vaccinia virus-infected cells both ␤-glucuronidase and a cell surfacetargeted single-chain antibody (sFv). Cells expressing sFv were selected from nonexpressing cells, enabling analysis of protein synthesis specifically within the transfected cells. Coexpression of poliovirus 2A or footand-mouth disease virus Lb proteases, which cleaved translation initiation factor eIF4G, greatly inhibited cap-dependent protein (␤-glucuronidase) synthesis. Under these conditions, internal ribosome entry sitedirected expression of sFv continued and cell selection was maintained. Furthermore, vaccinia virus protein synthesis persisted in the selected cells containing cleaved eIF4G. Thus, late vaccinia virus protein synthesis has a low requirement for the intact cap-binding complex eIF4F. This may be attributed to the short unstructured 5 noncoding regions of the vaccinia virus mRNAs, possibly aided by the presence of poly(A) at both 5 and 3 termini.
Vaccinia virus infection of cells results in the inhibition of host cell protein synthesis and a switch to the production of virus-encoded polypeptides (reviewed in reference 23). The mechanism underlying this effect is not established. Vaccinia virus replicates in the cytoplasm of the cell and encodes its own enzymes for DNA replication and RNA production. The viral mRNAs are capped (at their 5Ј terminus) by the virus-encoded capping enzyme and polyadenylated (at the 3Ј terminus) and hence have a structure similar to the host cell cytoplasmic mRNAs. The initiation of protein synthesis is generally considered to be the key regulatory stage of polypeptide formation (reviewed in reference 22). This step involves the recognition of the 5Ј-terminal cap structure by the translation initiation complex eIF4F. This factor is a heterotrimer consisting of eIF4E (which recognizes the cap structure, m 7 GpppN. . .), eIF4A (an RNA helicase), and eIF4G (believed to act as a scaffold for the other proteins). eIF4F, probably in association with the 40S ribosomal subunit, is believed to migrate along the mRNA, unwinding the secondary structure, until an AUG codon in a suitable context is encountered (18) . At this point the 60S ribosomal subunit joins and polypeptide formation can commence.
In contrast to cellular mRNAs, the translation of vaccinia virus mRNAs has been shown to be relatively resistant to inhibition by the cap analogue m 7 GTP in vitro, suggesting that the initiation of protein synthesis on the viral mRNAs is relatively cap independent (2) . An alternative strategy for analyzing the mechanism of initiation of protein synthesis in vaccinia virus-infected cells has also been described (11) . These authors coexpressed, in a transient assay, the poliovirus (PV) 2A protease within vaccinia virus-infected cells and reported a major reduction in the level of viral protein synthesis. The PV 2A protease induces cleavage of the eIF4G component of the cap-binding complex eIF4F. This cleavage results in the inhibition of cap-dependent protein synthesis without affecting cap-independent translation directed by the picornavirus internal ribosome entry site (IRES) elements (reviewed in reference 5). These data are also consistent with the observation that it has been impossible to introduce the PV 2A protease coding region into the genome of vaccinia virus (16, 33) . Furthermore, a similar incompatibility was observed between vaccinia virus and the foot-and-mouth disease virus (FMDV) L coding sequence, which also specifies a protease which cleaves eIF4G (4). These results appear to suggest that the inhibition of cap-dependent protein synthesis induced by cleavage of eIF4F is deleterious to vaccinia virus.
Recently, the isolation of temperature-sensitive (ts) mutants in the vaccinia virus capping enzyme has been reported (15) . The mutant protein is defective at the nonpermissive temperature in at least two activities of this enzyme, namely, the guanyltransferase and methyltransferase activities. The mutant virus is also markedly ts, as production of virus was reduced several hundredfold at the nonpermissive temperature. However, it was observed that little difference in the production of viral proteins could be detected between the permissive and nonpermissive temperatures. Thus, it appeared that the viral protein synthesis was relatively independent of the capping of the viral transcripts.
Although there have been a number of studies in which the vaccinia virus-T7 RNA polymerase transient-expression system has been used to express, from plasmids, the PV 2A protease or the FMDV Lb protease, these studies (e.g., references 3, 21, and 25) have not attempted to analyze the effect of these proteases on the vaccinia virus itself. The studies do show, however, that these proteases very efficiently inhibit cap-dependent translation of mRNA transcripts generated from cotransfected plasmids within vaccinia virus-infected cells. The study of the effects of these proteases on the vaccinia virus mRNA translation itself is complicated by the fact that while all the cells can be readily infected with vaccinia virus, only a proportion of the cells are transfected by plasmids. Hence, the analysis is hampered by the background of cells that are not expressing the picornavirus proteases. This background may mask other effects that these proteases may be causing.
In order to assess specifically the influence of PV 2A and FMDV Lb on vaccinia virus protein synthesis compared to the cap-dependent translation of a reporter gene construct, we have utilized a recently developed system which selects only those cells which have been transfected. In these selected vaccinia virus-infected cells we have analyzed, in parallel, the effects of these proteases on reporter gene expression and also on the vaccinia virus protein synthesis.
MATERIALS AND METHODS
Plasmids. The plasmids in this study were constructed by standard methods as described previously (28) and by the manufacturers. Plasmid DNA was amplified in Escherichia coli DH5␣ and purified by using a Bio 101 Maxi Prep kit (Anachem). pHOOK-1 was obtained from Invitrogen. The construction of the dicistronic vector pGUS/RXB/HOOK (Fig. 1) will be described elsewhere (26) . Derivatives of this construct that contain picornavirus IRES elements from FMDV, encephalomyocarditis virus (EMCV), coxsackie B4 virus (CB4) were produced and are also illustrated in Fig. 1 . An inactive mutant form of the EMCV IRES (termed GCGC [see reference 24]) containing a single A-C change at nucleotide 550 within a conserved GNRA motif was also used. The EMCV plasmids contain EcoRI-BamHI fragments of EMCV cDNA derived from pSKEMCRB and its mutant derivative (24) between the unique EcoRI and BamHI sites of pGUS/RXB/HOOK. The FMDV IRES cDNA (as an EcoRIClaI fragment from pKSRCla [9] ) and the CB4 IRES cDNA (as a HindIII-SstI fragment from pSKCB4 [31] ) were blunt ended and inserted upstream of the HOOK sequence into the blunt-ended BamHI site (see Fig. 1 ). Plasmids of the correct structure were identified from miniprep DNA and amplified.
Transient-expression assay and cell selection. COS-7 cells (35-mm dishes) were infected with the recombinant vaccinia virus vTF7-3 (12) , which expresses the T7 RNA polymerase. The infected cells were transfected with the pGUS/ IRES/HOOK plasmid DNA (2.5 g) alone or also with pA⌬802 (0.5 g) (which expresses the PV 2A protease [17] ) or pLb (0.5 g) (which expresses the FMDV Lb protease [21] ), or other plasmids as indicated in the Figure legends by using Lipofectin (8 g; Life Technologies) in Optimem as described previously (see reference 6). After about 20 h, cells were harvested for analysis of gene expression directly by using buffer C (20 mM Tris-HCl, pH 8.0; 0.135 M NaCl; Nonidet P-40, 0.5%), or else cells expressing the sFv encoded by the HOOK coding sequence were selected. The cell selection method will be described in detail elsewhere (26) . Briefly, the cells were removed from the dish by washing in Ca-Mg-free phosphate-buffered saline (PBS), with an aliquot retained for analysis of the total cell extracts, and then incubated with the mouse monoclonal antibody (MAb) 9E10 (specific for the c-myc tag [10] ) for 1 h on ice. After being washed, the cells were incubated with sheep anti-mouse immunoglobulin G (IgG)-coated magnetic beads (Dynabeads M-450; Dynal) for 45 min on a rotating wheel at 4°C. Beads were captured on a magnetic stand (Dynal) and washed, and the selected cells were extracted in buffer C.
Cell extracts were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (6 or 10%) (20) and, where appropriate, by immunoblotting with rabbit anti-␤-glucuronidase (GUS) (5prime-3prime, Inc.), rabbit anti-actin (Sigma), rabbit anti-eIF4G (a gift from N. Sonenberg, McGill University, Montreal, Quebec, Canada), mouse anti-myc tag (9E10 [10] ), or rat monoclonal antibody 15B6 anti-VVp37 (29), followed by peroxidase-linked antirabbit, anti-mouse IgG antibodies (Amersham) or anti-rat IgG (Dako), as appropriate, with detection by using chemiluminescent reagents (Pierce).
Protein synthesis was monitored by metabolic labeling with [ 35 S]EXPRESS (NEN) (50 Ci/dish) in methionine-and cysteine-free medium for 1 h prior to cell selection.
RESULTS
A system has been developed which permits the isolation of transfected cells away from untransfected cells dependent on the expression of a cell surface targeted single-chain antibody (sFv) encoded by the plasmid pHOOK-1 (Invitrogen). In order for this system to function when cap-dependent protein synthesis is blocked, the coding sequence for the myc-tagged sFv has been placed downstream of picornavirus IRES elements (Fig. 1) . The picornavirus IRES elements direct cap-independent internal initiation of protein synthesis, which continues in the presence of cleaved eIF4G. Upstream of the IRES sequence there is a reporter gene sequence encoding GUS. Thus, plasmids expressing from the T7 promoter mRNAs of the form GUS/IRES/HOOK have been constructed. A number of versions have been made (see Fig. 1 ) with either no IRES element (GUS/RXB/HOOK), a variety of different picornavirus IRES elements (from EMCV, FMDV, and CB4), or a severely defective mutant EMCV IRES called GCGC (see reference 24) . Transfection of these plasmids into cells infected with the recombinant vaccinia virus vTF7-3 (12) results in the transcription of these plasmids. In each case the expression of GUS was readily observed by 20 h after infection by direct analysis of [ 35 S]methionine-and [
35 S]cysteine-labeled total cell extracts ( Fig. 2A ) and was then confirmed by immunoblotting with anti-GUS antibodies (data not shown). The polypeptide synthesis observed in these cell extracts is a combination of that directed by vaccinia virus plus that produced from the T7 transcripts derived from the plasmids transfected into the cells (host cell protein synthesis is inhibited by vaccinia virus). Expression of the sFv was dependent on the IRES element. In the absence of the IRES or with a mutant form of the EMCV IRES (GCGC), no expression of the sFv was detectable in these labeled cell extracts ( Fig. 2A) . However, strong expression of the sFv from the plasmids expressing dicistronic mRNAs containing the EMCV or FMDV IRES was observed. With the plasmid expressing the CB4 IRES element, a muchlower expression of the sFv was obtained ( Fig. 2A; see also Fig.  2C) .
Expression of the sFv permitted efficient selection of the transfected cells. Intact cells were harvested in the absence of trypsin or detergent by using Ca-Mg-free PBS and incubated with the MAb 9E10 which recognizes the myc tag on the sFv displayed on the cell surface. After being washed, the cells which bound the antibody were isolated by using magnetic beads coated with anti-mouse IgG (as described in Materials and Methods), and cell extracts were analyzed by SDS-PAGE (Fig. 2B) . In the absence of a functional IRES (GUS/RXB/ HOOK and GUS/GCGC/HOOK) within the construct or when untransfected cells were used, only a low level of cellular protein was isolated on the magnetic beads (actin was monitored by Western blot analysis [Fig. 2C] ; the actin represents stable accumulated cellular protein, since all cellular protein synthesis is inhibited by the vaccinia virus infection). However, all three constructs encoding a functional IRES element expressed the sFv, and efficient selection of cells was observed ( Fig. 2B and C) . Thus, the lower level of sFv achieved by the CB4 IRES was still sufficient to achieve efficient selection. Within the selected cell extracts (Fig. 2B) , the expression of the upstream cistron, GUS, was even more evident than in the total cell extracts, while the relatively low level expression of the sFv directed by the CB4 IRES was demonstrated by Western blot analysis, using the anti-myc-tag MAb 9E10 (Fig. 2C) . Thus, in these assays, the vaccinia virus-directed protein synthesis, as well as the cap-dependent and the IRES-directed (cap-independent) translation of the dicistronic mRNA expressed from the plasmids, could each be separately assayed.
To assess the effect of the PV 2A protein or the FMDV Lb protein on the expression of the reporter gene products and the vaccinia virus proteins, the GUS/HOOK plasmids were cotransfected with plasmid pA⌬802 (17) , which expresses PV 2A, or with pLb (21), which expresses FMDV Lb. Cell extracts were analyzed either as total cell extracts or after cell selection with MAb 9E10 and the anti-mouse IgG-coated magnetic beads as described above. In the total cell extracts, the expression of the GUS open reading frame was readily detected in all of the cells transfected with the GUS/HOOK constructs alone (Fig. 3A) . However, when cotransfected with plasmids expressing PV 2A (from pA⌬802) or FMDV Lb (from pLb), the expression of GUS was greatly inhibited. As expected, no significant change in the IRES-directed expression of the sFv was observed (Fig. 3A) , since the IRES-directed translation occurs when eIF4G is cleaved. Furthermore, no difference in the pattern of vaccinia polypeptide synthesis was seen between cell extracts from dishes transfected with the reporter constructs alone or in combination with the viral proteases. In these total cell extracts this may be attributed to the fact that many of the cells will not express the plasmid-encoded proteases since they have not taken up the DNA. To overcome this background effect, the infected and transfected cells were selected and cell extracts were analyzed (Fig. 3B) . The IRES-dependent isolation of transfected cells was still achieved in the presence of either PV 2A or FMDV Lb as anticipated. In the selected cell extracts, obtained from cells expressing the GUS/FMD/ HOOK, GUS/EMC/HOOK, and GUS/CB4/HOOK plasmids, the inhibition of GUS expression in the presence of PV 2A or FMDV Lb was readily apparent (Fig. 3B ). This effect on GUS expression was confirmed by immunoblotting analysis (Fig.  4A) , although no change in the level of actin isolated was apparent (reflecting the efficiency of selection and not the pattern of actin synthesis, which is inhibited in each case by the vaccinia virus infection). It was also clear that, in contrast to the dramatic drop in GUS expression, little effect on the pattern of expression of the sFv or of the vaccinia virus proteins occurred in these extracts (Fig. 3B) . To demonstrate that no change in the accumulation of a vaccinia virus protein (p37) occurred in the presence of PV 2A or FMDV Lb, immunoblotting analysis was performed with an anti-VVp37 MAb (MAb 15B6 [29] ), revealing very similar levels of this protein in cell extracts obtained from cells with or without the viral proteases (Fig. 4B) . Thus, in these selected cell extracts the vast majority of the cells must have contained the GUS/IRES/ HOOK transcript (or else they would not be selected) and, where appropriate, the PV 2A or FMDV Lb (to cause the inhibition of GUS expression). Analysis of the eIF4G within these extracts demonstrated that, in the presence of the PV 2A or the FMDV Lb proteases, the eIF4G was present predominantly as the cleaved form (Fig. 4C) . The low level of intact eIF4G may be derived from a small number of untransfected cells which may be aggregated with the selected cells. Clearly, (Fig. 4C ). Our conclusion from these data is that, in general, the translation of the vaccinia virus mRNAs is rather insensitive to the loss of intact eIF4G and hence has only a limited requirement for the cap-binding complex eIF4F. Since this conclusion is at variance with the results obtained by Feduchi et al. (11) , we sought to investigate the basis for this disparity. A significant difference between their studies and those reported here is in the plasmids used to induce eIF4G cleavage. Feduchi et al. (11) used a derivative of pTM1 which includes an IRES element from EMCV to express the PV 2A, and this may be expected to yield large amounts of the PV 2A protein. In contrast, we have used plasmids that lack an IRES element to express PV 2A and FMDV Lb and, furthermore, in the case of the PV 2A plasmid the initiation codon is the second AUG codon (see reference 17); hence, the expression level obtained is likely to be much lower than that achieved by Feduchi et al. (11) . The yield of PV 2A and FMDV Lb in our studies is clearly sufficient to block GUS expression (and to cleave eIF4G), but it may be insufficient to cause other undefined effects that high-level expression of these proteases may be able to achieve within cells.
By cotransfecting the GUS/FMD/HOOK selection vector with plasmids expressing the FMDV L protease with or without an IRES element, we have sought to test whether this hypothesis may be correct. In Fig. 5 , it is shown that significantly fewer cells (as monitored by the level of virus protein synthesis (Fig. 5A ) and the yield of cellular actin (Fig. 5B) are recovered when the selection vector is cotransfected with a   FIG. 3 . Differential regulation of cap-dependent, IRES-dependent, and vaccinia virus protein synthesis. COS-7 cells were infected with vTF7-3 and transfected with the indicated GUS/HOOK plasmids alone or with pA⌬802 (encodes PV 2A) or pLb (encodes FMDV Lb). After metabolic labeling with [
35 S]EXPRESS, cells were harvested and both total cell extracts (A) and selected cell extracts (B) were analyzed by SDS-PAGE (10%) and autoradiography as described in Fig. 2 . The positions of the GUS and sFv proteins are indicated.
plasmid expressing FMDV L (from pSKRHMR1 [3] ) protease under the control of an IRES. In contrast, no significant effect on cell selection or GUS expression (Fig. 5C ) was observed in the presence of a very similar plasmid (pSKRHCA103 [3] ) which has the L gene specifically inactivated. As seen previously (Fig. 4B) , the coexpression of pLb (which lacks an IRES) had no inhibitory effect on the cell selection, but it did inhibit GUS expression. Similar results were also obtained in a parallel experiment with the pGUS/EMC/HOOK vector (data not shown). These results are consistent with the view that highlevel expression of the viral proteases has a detrimental effect on protein expression within the vaccinia virus-infected cells that is unrelated to the cleavage of eIF4G.
DISCUSSION
In these studies we have assayed at a gross level the effect of PV 2A and FMDV Lb, which induce cleavage of the eIF4G component of the cap-binding complex eIF4F, on the translation of reporter gene mRNAs and vaccinia virus mRNAs in vaccinia virus-infected cells. It is clear that the cap-dependent expression of GUS from the plasmid construct was greatly inhibited by the coexpression of the viral proteases, whereas IRES-directed translation of the sFv and the vaccinia virus mRNA translation continued efficiently. We have not examined all of the individual mRNAs produced by vaccinia virus, and it is certainly possible that particular mRNAs may be more sensitive to the loss of eIF4G than was indicated by this general analysis. However, since the pattern of viral protein synthesis observed was identical in each case, it would appear that the picornavirus proteases had no adverse effect on any essential early virus function. Our results are consistent with the relative insensitivity of vaccinia virus mRNA translation in the rabbit reticulocyte lysate to inhibition by cap analogue (2) . Furthermore, a recent report (15) showed that a ts lesion in the vaccinia capping enzyme had no significant effect on the translation of vaccinia virus mRNAs within infected cells, even at the nonpermissive temperature. These results suggest that translation of vaccinia virus mRNAs has a low requirement for the cap-binding complex. These findings are analogous to observations on the translation of late adenovirus mRNAs containing the tripartite leader, which also have a low requirement for eIF4F (8, 30) . The adenovirus late mRNAs are relatively unstructured in the 5Ј-proximal portion of their 5Ј-untranslated region (UTR), and this may facilitate ribosome attachment in the absence of efficient recognition of the mRNA by eIF4F. Vaccinia virus mRNAs also have relatively short and unstructured 5Ј UTRs; indeed, late mRNAs have a capped 5Ј terminus followed by a heterogeneous length of poly(A) generated by the viral RNA polymerase upstream of the initiation codon (23) . This contrasts with the extensive secondary structure and large size (ca. 450 bases) of the picornavirus IRES elements, which also function without the requirement for intact eIF4F (5). Thus, two distinct mechanisms of translation initiation with little or no dependence on the intact eIF4F complex are operating in these assays. The function of the cap structure on vaccinia virus mRNAs may be to help stabilize the mRNAs, as decapping of mRNAs leads to rapid degradation (7).
Our results and conclusions differ from those reported previously (11) , where it was shown that expression of the PV 2A protein in vaccinia virus-infected cells produced a major inhibition of vaccinia virus protein synthesis. We have demonstrated that the high-level expression of FMDV L, achieved by the use of an IRES-containing vector to express this protease, is capable of achieving effects on the vaccinia virus that exceed those resulting from the loss of eIF4G and cap-dependent protein synthesis (see Fig. 5 ). Thus, we believe that the loss of vaccinia virus translation observed earlier (11) was an artifact of that experimental system.
Very recently, a functional homologue of eIF4G, termed eIF4GII, has been reported (14) . Since the cap-dependent expression of GUS is clearly inhibited when either FMDV L or PV 2A proteases are expressed, it is apparent that no functional homologue of eIF4G can persist under these conditions. Furthermore, we have now demonstrated that eIF4GII is also cleaved in the vaccinia-T7 RNA polymerase transient-expression system by using the plasmids that express FMDV Lb and PV 2A (6a). Thus, the vaccinia virus mRNAs are translated when both forms of eIF4G are cleaved.
Earlier reports had indicated that constitutive expression of PV 2A or FMDV Lb within recombinant vaccinia virus was not tolerated (4, 16, 33) , since such recombinant viruses could not be isolated. Interruption or elimination of the FMDV L coding sequence within FMDV cassettes greatly facilitated the production of recombinant FMDV-vaccinia viruses (1, 4) . It should be noted, however, that even when only low-level expression of the PV 2A or FMDV L proteases could be expected (i.e., when the coding sequence was not specifically positioned under the control of a vaccinia virus promoter [4, 33] ), it was still not possible to isolate recombinant vaccinia viruses, suggesting that the toxic effects of these proteases is apparent even at low levels. The incompatibility of vaccinia virus with PV 2A or FMDV Lb may represent effects on a minor population of mRNAs or, alternatively, may reflect only a small diminution in replication efficiency that is amplified by the multiple cycles of virus growth required to generate plaques.
In conclusion, the results presented here clearly demonstrate that vaccinia virus protein synthesis proceeds efficiently when the cap-binding complex (eIF4F) is inactivated through the cleavage of the eIF4G component. Thus, initiation of protein synthesis on these viral mRNAs appears to be accomplished with a low requirement for this translation initiation complex; this is probably as a result of the short, unstructured nature of the 5Ј UTRs of the vaccinia virus mRNAs. It is interesting to note that, since late vaccinia virus mRNAs have a stretch of poly(A) at both their 5Ј and 3Ј termini, interaction with a protein which recognizes poly(A) could bring the two termini into close proximity. This may facilitate the recycling of ribosomes from the 3Ј terminus to the 5Ј end with little requirement for eIF4F. This is similar to the model for poly(A)-stimulated translation initiation within yeast cells, as described previously (27) , suggesting circularization of mRNA resulting from the interaction between the poly(A) binding protein (PABP) and eIF4G (32) . Within mammalian cells no evidence for a direct interaction between these two proteins has been presented. However, a PABP-interacting protein that interacts with both PABP and eIF4A has very recently been characterized (6b) that can also bridge the two mRNA termini. In vaccinia virus-infected cells, circularization could also be achieved by the vaccinia virus poly(A) polymerase, a dimer of VP55 and VP39 (23) that has affinity for both poly(A) and the 5Ј cap structure. Alternatively, perhaps the abundant cellular PABP could achieve this function alone on vaccinia virus mRNAs, since it has four RNA recognition motifs and has the ability to multimerize (13, 19) .
